The possibility to design structured composites with negative refractive index has been demonstrated. 1 These metamaterials offer electromagnetic properties which are not present in nature. 2, 3 It is attracting to design tunable metamaterials. In a prior paper, 4 we demonstrated the possibility to tune the permittivity of a lattice of magnetic wires. Active negative permeability inclusions have been considered theoretically, 5 but to our knowledge, experimental investigations on such active or tunable elements are still lacking. Several types of negative permeability inclusions have been considered up to now, such as coupled-ring resonators, 6 resonant coils, 7 and lumped-element electronic circuits. 8 In this letter, we report experimental results on tunable metamaterials built from conducting coils and electronic circuits. Different type of loops, some with a magnetic core, are investigated. The observations are compared to a model detailed elsewhere.
We build resonant permeability inclusions by connecting two types of coils to a capacitive tunable electronic load. The coils were made of a 200-m-diam Cu wire wound into a 4-mm-diam helix. A two turns coil with an inductance of 39 nH and a five turns coil with an inductance of 107 nH were used. A core of magnetic material with a permeability of ϭ2Ϫ j0.1 up to 500 MHz could be inserted in the two turns coil, which changed its inductance value to 78 nH and added small losses. The tunable capacitive load consists in a varactor diode in series with a 150 pF capacitor. The bias voltage is applied to the diode through proper choke inductors to protect the voltage supply ͑see Fig. 1͒ . The varactor has an hyperabrupt behavior, and can be tuned from 15 to 2 pF when biased in the 1-20 V range. The permeability of a device made of one tunable element is measured using a shorted APL40 coaxial line connected to a network analyzer. The coil is located inside the coaxial line, in front of the short circuit, with its axis parallel to the microwave magnetic field. The tunable capacitive load is placed outside the line, behind the short circuit, and is connected to the coil by two small via through the short circuit ͑see Fig. 1͒ . The normalized impedance of the device z cc ϭZ/Z 0 , where Z 0 is characteristic impedance of the line, is measured using the network analyzer and the shorted line. Its effective permeability is deduced from the first-order relation:
where c 0 is the speed of light in vacuum, f the frequency, and e the thickness of the sample corresponding to the diameter of the coil. This approximation holds provided the thickness e of the device is much smaller than the wavelength inside the device. The complex permeability of the sample with the two turns loop is represented in Fig. 2 , for a bias voltage ranging from 0.5 to 20 V. A resonant permeability is observed, with a resonance frequency ranging from 200 up to 490 MHz depending on the capacity of the load. The agility of the system exceeds one octave. The loss peak bandwidth ⌬ f , where ⌬ f ϭ f 2 Ϫ f 1 and f 1 and f 2 are the frequencies for which Љ( f 1 )ϭЉ( f 2 )ϭ 1 2 max Љ , ranges from 5 to 10 MHz. Using the five turns loop, a similar resonant behavior is observed ͑see Fig. 3͒ . The resonance frequency can be tuned from 130 to 385 MHz, still achieving more than one octave agility. The loss bandwidth ⌬ f is about 8 MHz. Permeability levels associated with this larger loop are higher, and negative permeability levels are observed. When a piece of magnetic material is inserted in the coil ͑see Fig. 4͒ , still higher permeability levels are observed. The agility range is hardly affected. The permeability loss peaks ⌬ f broadens significantly to 15 MHz when the resonance is tuned at 140 MHz, and to 30 MHz when it is tuned at 360 MHz. The results reported here can be accounted for using the appropriate definition of the permeability for a composite material containing current loops. 9 In this case, the permeability of the device is given by
where 0 is the permeability of the vacuum, ͗B͘ V is the volume average in the composite, and H the field outside the conducting loops. In the samples under consideration, large currents flow through the coils at the resonance frequencies of the circuit. These currents result in a large B inside the coil, which accounts for the permeability levels significantly different from unity close to the resonance. Since the unwinded length of the coils is much smaller than the wavelength, the current is nearly constant along the coil. The expression of the current as a function of the impedance of the load and of the loop is rather straightforward. Using this approach, we have been able to show that
where Z b stands for the impedance of the coil, Z c the impedance of the load, and c the permeability of the core in the loop. ␣ corresponds to the volume fraction of inclusions within the composite. The permeability computed from the experimental values of Z b and Z c is in excellent agreement with our observations, as evidenced in one example represented in Fig. 5 . Besides, it is straightforward to see that for a coil with Z b ϭ jL, a capacitive load with Z c ϭ1/jC, the resonance frequency F r is given by F r ϭ1/͑2ͱLC͒. ͑4͒ Figure 6 shows that this relation accounts for the observed tunability. The control of the permeability of a metamaterial through a bias voltage is an attractive feature, compared to the usual way to tune the permeability of a magnetic materials through an external magnetic field. 11 Bias magnetic fields may be power consuming and bulky to implement. Besides, the model reported here allows the engineering of the permeability response through a proper conception of the load circuit.
One may object that the permeability levels reported here are moderate, and that negative permeability is achieved only over a very limited bandwidth. It is clear that the devices investigated here are very diluted. The coils have a foot print of 10 and 15 mm 2 , which corresponds, respectively, to 1.1% and 1.6% of the 907 mm 2 overall cross section of the coaxial line. Increasing the volume fraction ␣ of the coils by having more elements per area is a straightforward way to increase the permeability levels, as shown by Eq. ͑3͒. The use of high permeability cores is also favorable, as demonstrated by Fig. 4 and supported by Eq. ͑3͒. Another objection may arise from possible chiral effects in the structures we used. If these effects are not desired, the use of double helixes with opposite rotations has been shown to prevent the occurrence of unwanted chiral effects. 7 As a summary, it is shown that metamaterials with tunable permeability can made from simple capacitive circuits. This offers significant possibilities for engineering the response of metamaterials, and more generally magnetic microwave materials. FIG. 6 . Resonance frequency of the metamaterial vs the total capacitance C eq ͑150 pF and the varactor diode͒. Experimental observation corresponding to the two turns coil ͑circles͒, two turns coil loaded with the magnetic core ͑triangles͒, and five turns coils ͑ϫ͒. Solid lines correspond to the model for the first two cases.
